Ionizing radiation is known to activate both the cytotoxic stress-activated kinases (SAPK/JNK, p38) and the cytoprotective mitogen-activated protein kinases (MAPKs, ERKs), which send divergent signals to the nucleus. However, all these kinases could not be activated simultaneously and at all the doses. An attempt has been made in this study to establish the dose and temporal response of these kinases with a view to establish the identity of the transcription factors that remain activated because only these will be translated into an effect. The study indicates that the stress-activated kinases (SAPK/JNK and p38) are activated by very low doses (0.1 Gy) of ionizing radiation. An induction of expression of MKK4, precursor to SAPK and p38, was found at lower doses (0.1-0.5 Gy). However, the cytoprotective ERK2 showed a progressive increase in expression with dose, except at 3 Gy where it shows a marginal decline. The stress-activated kinases show an increased expression or activation at early periods, unlike ERK2, which shows a prolonged response to stimuli. This study reveals that in the in vivo condition there is a chronological order of activation of the kinases and a dosedependent activation. The activations of the cytoplasmic kinases and the transcription factors, Elk-1 and c-Jun, both show prolonged activation and maximum response at high doses.
INTRODUCTION
Mitogen-activated protein kinases (MAPKs) are kinases that get activated by phosphorylation in response to a wide variety of extracellular stimuli. [1] [2] Three distinct groups of MAP kinases can be identified in mammalian cells. They are designated ERKs, JNKs (also known as SAPKs), and p38 MAPK. Ionizing radiation is known to activate JNK 3) p38, SEK 4) , and NF-κB 5) , and also many immediate early genes such as c-jun, c-fos, and egr-1. [6] [7] [8] [9] [10] The activation of the typically mitogen-activated pathway, i.e., the ERK pathway, is also seen along with the activation of stress-responsive pathways after γ irradiation. 11) This has been attributed to doublestrand breaks that lead to different cell-cycle checkpoint arrests than what is normally seen for DNA-damaging agents. Ionizing radiation leads to G2/M arrest, which has been attributed to the activation of ERKs and subsequently to the activation of many DNA repair proteins, such as XRCC1. 12) However, a complete repair of damage requires the integration of DNA repair and p53-dependent apoptotic tissue repair. 13) In recent years there has been a realization that the duration of activation of these kinases can induce the cell to go into either proliferation or differentiation. This has been demonstrated in the primary culture of rat hepatocytes. 14) A persistent activation of JNK is known to lead to apoptosis in jurkat cells. 15) UVC-induced apoptosis in p53-mutated human epithelial A431 cells has been reported to be through the activation of caspases 8 and JNK/SAPK. 16) Following γ irradiation also, a transient activation of ERKs is known to lead to proliferation, whereas persistent activation is known to lead to cellcycle arrest, and apoptosis may follow. 17, 18) Thus the duration of activation of these kinases now seems to be the deciding factor of whether the cell goes into proliferation and differentiation or cell-cycle arrest. Furthermore, another parameter that is now gaining importance is the dose response. There are studies indicating that gene induction is regulated differently at low and high doses. 19) This difference in the expression is also seen in MAPKs, where low doses of ionizing radiation (1 Gy) caused a prolonged activation of MAPK and SAPK. In contrast, higher doses of radiation (6 Gy) caused a much weaker activation of the MAPK cascade, but a similar degree of SAPK activation. 20) There are many isolated reports of the difference in dose response and the duration of activation of these kinases. Most of the work done with MAPK is done with very high doses. 21) Moreover, most of the work that has been done has been carried out in in vitro conditions and in diverse tissues; thus it becomes difficult to decipher the pat- tern of activation in one tissue under in vivo conditions. We have recently observed a marked difference in the expression of protein kinase C isozymes 22) and MAP kinase 23) when irradiated in the in vivo and ex vivo conditions. The pattern of expression could be entirely different in the in vivo conditions.
This study was undertaken with a view to delineate whether there is a differential dose response and temporal response of the MAP kinases under in vivo conditions because all could not be activated simultaneously, sending both cell survival (p44/42 MAPK) and cell death (SAP/JUN kinases) signals to the nucleus. There must be some hierarchy and chronological order of response of the different MAP kinases. The dose response has been looked at 4 h after irradiation when only those kinases that show a prolonged activation would remain activated. The studies have been restricted to the in vivo condition in liver cells. Since liver is a radioresistant organ, a study of the changes in expression or activation pattern of these kinases might result in a better understanding of their involvement in radioresistance/radiosenstiv-ity in vivo, unlike other studies that are done on cell lines adapted to grow on artificial supports away from its natural environment.
MATERIALS AND METHODS:

Animals
Male Wistar Rats (6-8 weeks) maintained on a standard laboratory diet and water ad libitum were used. The animals were reared in polypropylene cages in air-conditioned (24 ± 2°C) rooms with a 12-h dark/light schedule. The rats used in the present study were part of a conventional inbred colony of Wistar rats maintained at the animal house facility of the Bhabha Atomic Research Centre.
Irradiation
The rats were divided into two groups. One group was subjected to whole-body 60 Co γ-irradiation at 0.1, 0.5, 1.0, 3.0, or 5.0 Gy in specially designed well-ventilated perspex boxes from a 60 Co Theratron Junior Teletherapy unit at a rate of 0.51 Gy min -1 and sacrificed at 4 h. The second group was subjected to irradiation at a dose of 3 Gy and sacrificed at various time intervals of 0.5 h, 1 h, 2 h, 4 h, 17 h, and 24 h.
All experiments were conducted with strict adherence to the ethical guidelines laid down by the Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA) constituted by the Animal Welfare Division of the Government of India on the use of animals in scientific research.
Liver isolation
The livers were isolated and homogenized in ice-cold homogenizing buffer (140 mM NaCl, 2.7 mM KCl, 1.47 mM KH2PO4, 0.5 mM EDTA, 8.8 mM Na2HPO4, 1 mM DTT, 0.5 mM PMSF, 10 µg/ml aprotinin, and 10 µg/ml pepstatin, pH 7.5). The homogenate was then centrifuged at 5,000 rpm for 10 min to remove the cell debris.
Western blotting
The protein in the cell homogenate was estimated by using Lowry's method. 24) An amount of 150 µg of protein was lysed by SDS lysis/loading buffer, and samples were run on 8% SDS polyacrylamide gel followed by a transfer to nitrocellulose membrane (Amersham, USA). The membranes were probed with anti-ERK2 at a dilution of 1:1,000, and with anti-MKK4 at a dilution of 1:500 (Transduction Laboratories, USA, and Cat. Nos. M12320 and M66420, respectively), and also with phospho-SAPK, phospho-p38, and phospho-Elk at a dilution of 1:1,000 (Cell Signaling Technology, Cat. Nos. 9251, 9211, and 9181, respectively). SAPK activity, i.e., phospho c-jun, was assessed by the use of a SAPK activity kit (Cell Signaling Technology, Cat. No. 9810). The membranes were then probed with horseradish peroxidase conjugated secondary antibody against mouse/rabbit (Roche Molecular Biochemicals, Germany) at a dilution of 1:2,000 for ERK2 and MKK4 and developed by the use of a BM Chemiluminiscence Western Blotting Kit (Roche Molecular BioChemicals, Germany). For SAPK, p38, Elk, and c-jun blots, the membranes were probed with HRP-labeled secondary antibody 
RESULTS
Dose response
The expression of the signaling factors was looked at 4 h after irradiation. The expression of ERK2, the mitogen-activated kinase, was found to increase with increasing doses (Fig. 1a) . It showed activation at 0.5 Gy, which was more or less maintained until 5 Gy. Although a marginal decrease in expression was found at 3 Gy, the expression of the kinase was significantly higher than the control.
The presence of an activated form of Elk (a substrate of ERK), i.e., phosphorylated Elk (pElk) was also found to increase at a higher dose (Fig. 2a) . Although the kinetics of Elk activation is supposed to correlate with ERK activation in vivo, 25) in the present study the dose response of Elk was found to follow MAPK expression at higher doses (1-5 Gy) only. At a lower dose (0.1-0.5 Gy) the expression of ERK2 was induced, but it did not reflect in the phosphorylation of Elk, since the expression of phospho elk did not increase at these doses.
Stress-activated kinase MKK4, (the precursor to SAPK/ JNK), shows an induction in expression at a lower dose (Fig.  3a) , which was maximum at a lower dose of 0.5 Gy and declines in expression at 1 Gy. A complete inhibition of induction of expression occurred at 2-5 Gy.
MKK4 phosphorylates SAPK and converts it to its active form. This phospho SAPK was found to increase at 0.1 Gy with a maximum at 0.5 Gy and complete inhibition at 5 Gy (Fig. 4a) . Phospho SAPK phosphorylates jun, which is a transcription factor. MKK4 expression has been reported to be a potent activator of JNK1 and JNK2. 26, 27) It subsequently phosphorylates jun, which was a poor substrate for ERKs but was Fig. 1 . a: Expression of ERK2 in liver homogenate of rat 4 h after whole-body gamma radiation at different doses. The relative band intensity to that for different doses is plotted. Control was sham irradiated. The lysates were prepared as described in materials and methods, and 150 µg lysate/well were loaded. The best representative of three independent experiments is shown here. Each point represents the mean ± SE from three independent experiments The statistical evaluation was done by use of Student's t-test; a p < 0.01; b p < 0.05; c p < 0.1 when compared to an unirradiated control sample. b: Expression of ERK2 at different periods after whole-body gamma radiation at a dose of 3 Gy. The relative band intensity to that for different doses is plotted. Control was sham irradiated. The lysates were prepared as described in materials and methods, and 150 µg lysate/ well were loaded. The best representative of three independent experiments is shown here. Each point represents the mean ± SE from three independent experiments. The statistical evaluation was done by use of Student's t-test; a p < 0.01; b p < 0.05; c p < 0.1 when compared to an unirradiated control sample. Fig. 2 . a: Expression of phosphoElk in liver homogenate of rat 4 h after whole-body gamma radiation at different doses. The relative band intensity to that for different doses is plotted. Control was sham irradiated. The lysates were prepared as described in materials and methods, and 150 µg lysate/well were loaded. The best representative of three independent experiments is shown here. Each point represents the mean ± SE from three independent experiments. The statistical evaluation was done by use of Student's t-test; a p < 0.01; b p < 0.05; c p < 0.1 when compared to an unirradiated control sample. b: Expression of phospho Elk at different periods after whole-body gamma radiation at a dose of 3 Gy. The relative band intensity to that for different doses is plotted. Control was sham irradiated. The lysates were prepared as described in materials and methods, and 150 µg lysate/well were loaded. The best representative of three independent experiments is shown here. Each point represents the mean ± SE from three independent experiments. The statistical evaluation was done by use of Student's t-test; 28) MKK4 and MKK7 are reported to independently phosphorylate Thr and Tyr residues, respectively, within a Thr-Pro-Tyr motif in SAPK/ JNK. 29) The phosphorylated form of c-jun was looked for (Fig. 5a ). At 0.5 Gy, a marginal increase was observed, consistent with the activation of its precursor, SAPK/JNK at 0.5 Gy. But at a high dose (5 Gy), when neither MKK4 nor pSAPK expression was increased, c-jun was found to be maximally phosphorylated.
Another stress-activated MAPK, p38, was also looked for its phosphorylated active form. The expression of phosphop38 showed a sharp increase at 0.1 Gy, with a maximal increase at 0.5 Gy and a complete inhibition at 1-5 Gy (Fig.  6a) , indicating that the persistent activation of p38 would be seen only if the animal was irradiated at very low doses and not at high doses.
Temporal response
Temporal response of the kinases was done at 3 Gy. ERK2 was maximally expressed at 2 h, with a return to normal values at 17 and 24 h (Fig. 1b) . A phosphorylated form of Elk (a substrate of ERK2), however, was present in increased c p < 0.1 when compared to an unirradiated control sample. b: Expression of phospho-c-jun at different periods after whole-body radiation at a dose of 3 Gy. c-jun phosphorylation was estimated by use of an SAPK activity kit, as described in materials and methods. Controls were sham irradiated. The relative band density to that for different doses is plotted. The best representative of three independent experiments is shown here. Each point represents the mean ± SE from three independent experiments. The statistical evaluation was done by use of Student's t-test; 6 . a: Expression of phospho-p38 in liver homogenate of rat 4 h after whole-body gamma radiation at different doses. The relative band intensity to that for different doses is plotted. Control was sham irradiated. The lysates were prepared as described in MATERIALS AND METHODS, and 150 µg lysate/well were loaded. The best representative of three independent experiments is shown here. Each point represents the mean ± SE from three independent experiments. The statistical evaluation was done by use of Student's t-test; a p < 0.01; b p < 0.05; c p < 0.1 when compared to an unirradiated control sample. b: Expression of phospho-p38 at different periods after whole-body gamma radiation at a dose of 3 Gy. The relative band intensity to that for different doses is plotted. Control was sham irradiated. The lysates were prepared as described in MATERIALS AND METHODS, and 150 µg lysate/well were loaded. The best representative of three independent experiments is shown here. Each point represents the mean ± SE from three independent experiments. The statistical evaluation was done by use of Student's t-test; a p < 0.01; (Fig. 2b) . MKK4 (a precursor to SAPK/JNK) was activated at the early times, i.e., up to 2 h, after which it was found to decrease significantly; in fact, the expression was less than the control (Fig. 3b) . Despite a lack of activation of expression of MKK4, SAP/JUN kinase was found to be activated at 1 h, and the activity continued to increase for 24 h (Fig. 4b) . The activated form of c-jun, (activated by SAPK) was found to be maximum at 0.5 h and to remain for 24 h (Fig. 5b) . At 17 h, phospho c-jun expression was significantly high. This was similar to the activation of Elk, which also showed maximum activation at 17 h. The expression of phospho-p38 showed a pattern similar to MKK4, that is, activation at 0.5 h followed by a complete inhibition at the following times (1-24 h) (Fig. 6b) . A compilation of the dose response and the temporal expression of all kinases is represented in Fig. 7a and Fig. 7b , respectively.
In this study, a control sample has not been run because no quantitative assessments are made regarding kinases. All have been done from the same sample, and the variation between them is minimal.
DISCUSSION
The activation of various MAP Kinases in vivo in response to the various doses of radiation presents a picture that is entirely different from those yet reported. Most studies have looked at these activations in vitro and as one-to-one activations, i.e., preceding MAPKK activating the following MAPK, where very good correlation is obtained between ERK activation and the subsequent Elk activation, 30) or SAPK/JNK activating c-jun, 27) or ERK and SAPK inducing Elk phosphorylation.
31) The focus of most studies has been on the activation of various components of the pathway and not on the cellular effects of radiation. In the present study, which was deliberately restricted to in vivo, we found that the stressactivated protein kinase, MKK4, showed an increase in expression at low dose, and the induction in expression was not observed at a higher dose. Also, when an activation of its substrate, p38 kinase, was looked for, it was also found to be activated more at a lower dose than at a high dose (Fig. 7a ). However, ERK2 shows a blunt response to the increasing doses with a maximum activation at 5 Gy.
The expression of Elk with response to dose correlates very well with the activation of ERK2 at higher doses (1-5 Gy). Elk, which is known to be preferentially activated by ERK in vitro, 30) is also activated by SAPK and p38. 16) The noteworthy finding here is that both Elk and c-jun were found to be activated at lower doses from 1 Gy. Hitherto only three transcription factors have been shown to be activated at doses lower than 5 Gy: NF-kB, p53, and SP1. 32) These results are of significance if the knowledge must be clinically implemented, because then only the signaling factors that are activated at around 2 Gy will be of any importance.
The temporal response showed that although the expression of none of the cellular kinases such as ERK2, MKK4, or phospho-p38, except for phospho-SAPK, were activated at 17 h in vivo, elk and jun remain activated for 24 h (Fig. 7b) . In fact there is an increase in activity at 17 h of both Elk and jun (Elk and jun are the transcription factors activated by ERK and SAP/JUN kinases). The reason for this may be that the expressions of ERK2 and MKK4 (the kinases preceding Elk and jun) do not represent their enzyme activities, and although the expressions may be low, the enzyme activity may be yet high. Another possible explanation is that phospho-SAPK may be the one that phophorylates both Elk and cjun at later times (5-24 h). Moreover, once the activations of jun and Elk are triggered, they remain activated for nearly 24 h. The noteworthy finding is that whatever the activation pattern of the preceding MAP Kinases may be, both nuclear transcription factors Elk and c-jun remain activated for 17 h in vivo.
Although ionizing radiation triggers several MAP Kinases, only those that are reflected in the activation of Elk and jun will lead to an alteration in transcription and consequently to cellular effects. Most reports based on in vitro work describe a transient activation of the MAP Kinase and its succeeding transcription factor, Elk. 33) However, in in vivo, where several biochemical constraints are operative and where other signaling pathways are also feeding into Elk, the resultant activation of Elk appears to be quite different from the activation of ERK.
This study clearly indicates that although the three kinases are activated by radiation, the doses at which they respond are entirely different, the stress-activated kinases (JNK and p38) being activated at relatively lower doses and the cytoprotective kinase (?) (ERK2) at higher doses. All three funnel into Elk and jun, but the doses at which they are activated in vivo are different. The conclusion that can be drawn from this study is that the stress-activated kinases are activated at very early times and probably in response to the immediate requirements of the cell, but the ERKs take care of the later responses of the cell, i.e., in deciding whether the cell should go into proliferation or cell death.
